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I N T R O D U C T I O N
Long-lasting changes in strength of synaptic neurotransmission reflect cellular mechanisms enabling acquisition of new skills and formation of memories (Bliss and Collingridge 1993; Jorntell and Hansel 2006; Pastalkova et al. 2006; Rioult-Pedotti et al. 2000; Rioult-Pedotti et al. 1998; Rogan et al. 1997; Whitlock et al. 2006 ). Long-term potentiation (LTP) is an enduring increase in synaptic strength (Bliss and Lømo 1973) , and in hippocampus, LTP elicited at synapses formed between the Schaffer collaterals and the dendrites of area CA1 neurons exhibits at least two phases. A rapidly appearing but transient early phase (E-LTP) arises through posttranslational modifications of proteins that regulate neurotransmitter release and neurotransmitter receptor function (Barria and Malinow 2005; Castillo et al. 2002; Liao et al. 1992; Shi et al. 1999; Silva et al. 1992) . A subsequently emerging but persistent late phase (L-LTP) requires, additionally, mRNA transcription and coordinated synthesis and degradation of certain proteins (Fon-seca et al. 2006; Frey et al. 1988; Impey et al. 1996; Karpova et al. 2006; Nguyen et al. 1994) . The enduring nature of LTP has been attributed, in part, to long-term structural remodeling of synaptic contacts. For example, growth of new dendritic spines (Engert and Bonhoeffer 1999; Hosokawa et al. 1995) , increased numbers of presynaptic boutons, or formation of multi-synapse boutons (Antonova et al. 2001; Bozdagi et al. 2000; Nägerl et al. 2004; ) and enlargement of spine heads (Kopec et al. 2006; Matsuzaki et al. 2004 ) have all been associated with enduring LTP. Consistent with such morphological remodeling, it is well-recognized that the structural molecules of the synapse, including adhesion proteins and proteins of the extracellular matrix, are modified by plasticityinducing stimuli and are required for long-lasting synaptic plasticity (reviewed in: Benson et al. 2000; Dityatev and Schachner 2003) . These data suggest that there must be mechanisms for coordinating functional and structural remodeling of synaptic connectivity. Although such mechanisms remain incompletely understood, recent studies indicate that regulated extracellular proteolysis may be important for coupling functional and structural changes in synaptic architecture (Baranes et al. 1998; Huang et al. 1996; Komai et al. 2000; Madani et al. 1999; Mataga et al. 2004; Matsumoto-Miyai et al. 2003; Oray et al. 2004; Pang et al. 2004; Tamura et al. 2006) .
Matrix metalloproteinases (MMPs) are a family of mostly secreted, very potent proteolytic enzymes that collectively can degrade the entire extracellular matrix as well as cleave certain cell-surface and other proteins (Sternlicht and Werb 2001) . MMPs are generally secreted in an inactive (pro-) form, becoming proteolytically active by removal of the pro-peptide sequence. MMPs function canonically throughout most tissues of the body both in physical remodeling of the pericellular microenvironment and in cell-cell or cell-matrix signaling via activation or liberation of bioactive fragments (Nagase and Woessner 1999) . In mature brain, their activity-and in particular, that of MMP-9 -has customarily been associated with protracted remodeling that occurs with injury, degeneration, inflammation, and other pathophysiological contexts (Lo et al. 2002; Reeves et al. 2003; Szklarczyk et al. 2002; Zhang et al. 1998) . However, recent evidence suggests that MMP function in hippocampus can be regulated on much faster time scales by synaptic activity of the kind associated with normal, nonpathological brain function. In acute hippocampal slices, levels and proteolytic activity of MMP-9 are rapidly and selectively enhanced by stimuli that induce L-LTP, whereas pharmacological or genetic disruption of MMP-9 activity impairs LTP selectively (Nagy et al. 2006) . These data suggest new mechanistic roles for MMPs in synaptic plasticity and brain function. Nevertheless, these data derive mostly from experiments conducted on acutely prepared hippocampal slices taken from young (3-6 wk-old) rats and mice, thus it remains an open question as to whether MMP-9 activity is regulated by, and contributes to, LTP induced in intact adult brains in vivo.
Here we address this question directly using both gain-and loss-of-function approaches in urethane-anesthetized adult rats. Our data show that blocking MMP-9 proteolytic activity in area CA1 impairs maintenance of LTP selectively. By immunoblotting and through a novel application of gelatin-substrate zymography in vivo, we show elevated levels of MMP-9 protein and proteolytic activity within the potentiated neuropil. Such "hot spots" of gelatinolytic activity codistribute with markers of synapses and dendrites. Exposing intact area CA1 neurons to recombinant-active MMP-9 induces a slow synaptic potentiation that mutually occludes, and is occluded by, tetanically evoked potentiation. Taken together, our data suggest novel roles for MMP-mediated proteolysis in regulating nonpathological synaptic function and plasticity in mature hippocampus.
M E T H O D S
Electrophysiology A total of 90 young adult male Sprague Dawley rats (300 g, Ͼ3 mo old) were used. The care and treatment of all animals conformed strictly to guidelines approved by the National Institutes of Health and Mount Sinai's Institutional Animal Care and Use Committee. Rats were anesthetized with urethane (1.5 g/kg ip) and placed in a stereotaxic frame. Rectal temperature was maintained at 37°C. A monopolar tungsten electrode was used to stimulate the Schaffer collateralcommissural projection (from bregma, in mm: AP: 3.5, ML: 3.0, DV: 2.3). Field excitatory postsynaptic potentials (fEPSPs) were recorded in area CA1 stratum radiatum (in mm: AP: 4, ML: 2.8, DV: 2.5) with a glass micropipette filled with 3 M NaCl. Test pulses (100-s duration) were collected every 30 s; their intensity was adjusted to evoke fEPSP amplitudes that were ϳ50% of the maximal response. The slope of the fEPSPs was used to generate an input-output (I/O) relationship ranging from subthreshold to maximal response. All responses were expressed as percent change from the average responses recorded during the 20 -30 min immediately before drug application or LTP-inducing tetanic stimuli. LTP was induced with four trains of 100-Hz, 1-s stimulation separated by 5 min. Control (non-LTP-inducing) stimuli consisted of a total of 400 pulses delivered over a duration of 75 min. Paired-pulse facilitation (PPF) was induced by delivering two stimuli with a 20-to 100-ms interstimulus interval. At the termination of the experiments, rats were killed by intracardiac perfusion (4% paraformaldehyde, 10 min). Brain sections (50 m) were sliced on a freezing sliding microtome, mounted, and Nissl-stained with cresyl-violet. These sections were used to verify placement of stimulating/recording electrodes histologically.
Reagents
MMP inhibitors or recombinant-active MMPs were delivered into area CA1 using either controlled pressure pulses of nitrogen (20 psi, every 2 min over a 20-min period) applied via a Picospritzer to one barrel of a double-barrel glass micropipette in which the other barrel was used for recording fEPSPs or via an infusion cannula connected to a Hamilton syringe driven by a syringe pump (200 nl/min; 2 l total volume). The onset and duration of drug administration are indicated in individual figures. Concentrations of the inhibitors and active enzymes are: MMP-2/9 Inhibitor II, a gelatinase (MMP-2 and 9) inhibitor [250 M, catalogue No. 444249 , Calbiochem, La Jolla, CA, dissolved in 0.6% dimethylsulfoxide (DMSO)]; an MMP-9 functionblocking mouse monoclonal antibody (clone 6-6B) or nonimmune mouse IgG (10 g/ml each, Calbiochem); recombinant active-MMP-9 (rMMP-9), recombinant active-MMP-2 (rMMP-2), or recombinant pro-(inactive) MMP-9 (each 0.1 g/l, Calbiochem). The selectivity and potency of Inhibitor II over a range of concentrations has been established previously using a fluorometric enzymatic assay (Nagy et al. 2006) . The MMP-9 neutralizing antibody recognizes pro-and active forms of MMP-9, but neither form of MMP-2, as shown by enzyme-linked immunosorbent assay [ELISA (Ramos-DeSimone et al. 1993] . Functionally, the MMP-9 neutralizing antibody inhibits MMP-9 enzymatic activation, but has no effect on MMP-2 activation, in a radiolabeled gelatin assay (Ramos-DeSimone et al. 1993 ).
In vivo gelatin-substrate zymography and quantitative analysis
Loci of proteolysis by endogenous MMPs activated in response to tetanic or control stimuli were identified anatomically by in vivo gelatin zymography (Oh et al. 1999) . In brief, gelatin zymography is an assay for gelatinolytic activity in which cells or tissues are exposed to a specific substrate (gelatin) that is recognized and cleaved by gelatinases (which are MMP-2 and -9). The gelatin substrate has been coupled to an intramolecularly quenched fluorophore (FITC). On proteolytic cleavage by MMP-2 and/or -9, the FITC-gelatin fragments fluoresce, and can be localized after fixation and visualization by microscopy. In situ zymography is customarily applied to tissues ex vivo; for the present in vivo studies, we modified a previously described protocol applied to hippocampal slices (Nagy et al. 2006) . Two groups of rats (LTP group, n ϭ 7 and control stimulation group, n ϭ 6) were anesthetized and prepared for electrical stimulation and recording as described in the preceding text. The NMDA receptor antagonist 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP; 10 mg/kg in normal saline, Sigma) was injected intraperitoneally in one additional group (CPP group, n ϭ 3) 30 min prior to preparation for stimulation and recording. In all groups, after establishing a baseline recording of synaptic responses for 30 min, FITC-DQ gelatin (1 g/l, Molecular Probes, Eugene, OR) was pressure-injected over ϳ10 min into area CA1 via a Picospritzer, delivering a total volume of 5 l. The LTP and CPP groups then received tetanic stimulation while the control group received control stimuli as described above. Synaptic responses were monitored for 75 min, at which time the animals were transcardially perfused with 4% paraformaldehyde. Sections through the entire hippocampus were cut on a vibratome at a setting of 50 m and mounted onto glass slides in serial order. Sections were then examined for gelatinolytic fluorescence using a Zeiss LSM 410 confocal microscope (Thornwood, NY). Single optical sections were acquired with a ϫ40, 1.3 numerical aperture oil-immersion objective, a 488 nm laser-line, and 515-535 band-pass filter. Qualitative inspection of each series of hippocampal sections showed that the DQ-gelatin spread ϳ1.5 mm in the rostrocaudal and mediolateral dimensions, although no attempt was made to quantify precisely how far the DQ-gelatin spread in each animal. For quantitative analysis, we chose four to six consecutive tissue sections (for a total of 200 -300 m of hippocampal tissue) passing through, and centered around, the injection/recording site. From each section, four fields were captured from area CA1 st. radiatum using identical image-capture parameters across conditions. Two fields were taken medial to the injection track, the other two fields were taken lateral to the injection track. The two fields flanking the injection track were Ն250 m away from the track. The digital images were then imported to a PC computer employing Metamorph software (Universal Imaging), where a thresholding function was used to capture and quantify numbers of gelatinolytic puncta within each field.
In vivo gelatin-substrate zymography and immunolocalization
A group of rats (n ϭ 3) were subjected to LTP-inducing tetanic stimulation followed by injection of DQ-gelatin as described in the antecedent section. Electrophysiological recording verified that LTP was induced in all animals. After perfusion with 4% paraformaldehyde, serial 50-m-thick sections through the hippocampus were cut frozen on a microtome then incubated in one of the following primary antibodies or sera: rabbit anti-MMP-9 (1:5,000; Torrey Pines); mouse anti-microtubule-associated protein-2 (MAP-2, 1:5,000; Abcam); mouse anti-glial fibrillary acidic protein (GFAP, 1:200, Chemicon); or a cocktail of guinea-pig anti-vesicular glutamate transporter 1 and 2 antibodies (1:20,000 and 1:1,000, respectively; Chemicon). The specificity of the anti-MMP-9 antisera has been characterized by us previously (Nagy et al. 2006) . Briefly, this antisera recognizes recombinant pro-and active-forms of MMP-9 in Western blots of recombinant proteins and hippocampal lysates but does not cross-react with either form (pro-or active-) of the structurally and functionally related MMP-2. Primary antibody binding was visualized using speciesappropriate, direct fluorophore-conjugated secondary antibodies (Alexa-594,1:400, Jackson Labs). Sections were analyzed by confocal microscopy. Digital images were imported into Adobe Photoshop where minor adjustments in contrast and brightness were made. Control experiments consisted of omitting the primary antibody.
In situ hybridization histochemistry and semi-quantitative analysis
Complementary RNA (cRNA) probes were generated from a mouse-specific cDNA (a gift from Dr. Dylan Edwards) corresponding to a 220-bp fragment of MMP-9 (Tanaka et al. 1993 ). Specificity of this probe has been confirmed previously by Northern blot (Das et al. 1997) . Sense and antisense cRNA probes were transcribed from 1 to 2 g of purified DNA plasmid template in the presence of 35 S-UTP with either T7 or T3 polymerase using an RNA transcription kit (Stratagene, Cedar Creek, TX). One group of rats (n ϭ 6) received LTP-inducing stimulation as described in the preceding text, a second group (n ϭ 4) received control stimuli. Animals were transcardially perfused with cold 4% paraformaldehyde 75 min poststimulation and prepared for in situ hybridization histochemistry. Free-floating tissue sections through hippocampus were processed for hybridization of radioactive cRNA probes using protocols described in detail previously (Barlow et al. 2002; Gil et al. 2002) . After overnight probe hybridization, RNase treatment, and the final stringency wash (0.1ϫ SSC, 65°C, 30 min), slides were then dried and exposed to autoradiographic film (␤-max, Amersham, Arlington Heights, IL) for 3-6 days. Quantification of relative intensity of probe hybridization was determined from film autoradiograms using densitometry according to previously published methods of analysis (Gil et al. 2002; Golshani et al. 1997) . Sections through hippocampus bilaterally from each group of rats were exposed together on the same sheets of film along with 14 C plastic standards (Amersham). Film autoradiograms were scanned at high resolution on a flat-bed scanner, maintaining constant settings across conditions. All images were then imported into ImageJ. Sampling boxes of constant dimensions were placed over st. pyramidale (CA1 and CA3), st. radiatum (CA1), and the dentate gyrus granule cell layer, from which optical density readings were taken and converted to absolute values of radioactivity (nCi/g) by reference to optical density readings of the radioactive standards, used to generate a standard curve of known amounts of radioactivity. Mean values (Ϯ SD) were determined across regions analyzed (4 -5 sections/condition, per rat) to compare relative overall levels of probe hybridization across conditions and hippocampal layers.
Immunoblotting
Detailed procedures for Western blot analysis of MMP-9 protein levels in hippocampal lysates have been described in detail previously (Nagy et al. 2006) . Briefly, whole hippocampus (n ϭ 3 rats) was removed bilaterally 1-h after LTP induction by tetanic stimulation on one side (ipsilateral) as described in the preceding text. Hippocampi were snap-frozen, followed by dissection of both ipsilateral (LTP) and contralateral area CA1. For these experiments only, the contralateral area CA1, which receives commissural afferents from the stimulated side (Gottlieb and Cowan 1973), was used as the control tissue to take into account interanimal variability in basal levels of MMP-9. Tissue was homogenized in 50 l of radioimmunoprecipitation assay buffer (50 mM Tris-HCl, pH 8; 150 mM NaCl; 0.1% SDS; 1% NP-40; 0.5% sodium deoxycholate; and 1ϫ Complete Protease Inhibitor Cocktail, Roche Diagnostics, Mannheim, Germany); protein concentrations were determined using Bio-Rad Protein Assay (Hercules, CA), and 50 g tissue were loaded onto a 10% SDS-polyacrylamide gel and electrophoresed. Gels were then transferred onto membranes which were probed with antisera to MMP-9 (1:500; Torrey Pines Biolabs, Houston, TX). After incubation in HRP-conjugated secondary antibodies, antibody binding was visualized using SuperSignal West Pico Lumino/Enhancer Solution (Pierce, Rockford, IL) and developed on X-Omat LS Imaging Film (Eastman Kodak, Rochester, NY). Blots were then stripped and reprobed with antisera to glyceraldehyde-3phosphate dehydrogenase (GAPDH; 1:5,000; Trevigen, Gaithersburg, MD), which was used as a loading control. Blots were scanned and analyzed by Metamorph software using densitometry. Within each lane, pro-and active-MMP-9 band intensities were normalized against the appropriate GAPDH band intensities; data were expressed as a ratio of MMP-9 level in the ipsilateral LTP side to those in the corresponding contralateral control side.
Statistics
Data are expressed as means Ϯ SD and compared using Student's t-test or one-way ANOVA and a Scheffe's post hoc test as appropriate where P Ͻ 0.05 is considered significant.
R E S U L T S

Neutralizing MMP-9 proteolytic activity pharmacologically or with blocking antibodies impairs maintenance of LTP in vivo
We first established that our tetanic stimulation protocol produces robust, long-lasting potentiation in area CA1 of urethane-anesthetized adult rats. A control LTP group of rats (n ϭ 8) received tetanic stimulation of the Schaffer collateralcommissural pathway. This resulted in a significant increase over baseline in fEPSP slope recorded in area CA1 that was sustained for Ն120 min (165.0 Ϯ 7.9% of baseline at 120 min posttetanus; Fig. 1A , F), the typical duration of these experiments. To test the role of MMP activity in LTP in vivo, a different set of rats was used to induce LTP in the presence of a pharmacological blocker of MMP activity to determine the effects of this blocker on induction and maintenance of LTP. Inhibitor II is a potent gelatinase (MMP-2 and -9) inhibitor that has been used previously to impair L-LTP in hippocampal slices from young rats (Nagy et al. 2006) . After a baseline of synaptic responses was established, Inhibitor II was delivered intrahippocampally either by pressure injection (n ϭ 10) or by infusion pump (n ϭ 8), followed by tetanic stimulation. In both groups, such stimulation produced a strong potentiation that was slightly but not significantly lower in magnitude in com-parison with control LTP animals over the first 30 min (P Ͼ 0.3 at 30 min posttetanus), but thereafter, potentiation decayed rapidly to baseline by 90 -120 min (Fig. 1A, E ). There were no differences in the effects on LTP between the two methods of Inhibitor II delivery (e.g., at 120 min posttetanus, fEPSP slope was 104.8 Ϯ 6.8% of baseline in the pressure-injected group vs. 97.6 Ϯ 6.1% of baseline in the infusion pump group), therefore the two groups were combined. To rule out nonspecific effects on LTP from the diluent in which Inhibitor II was dissolved, a separate set of animals (n ϭ 8) received an equivalent amount of 0.6% DMSO intrahippocampally via pressure injection. Here we found that potentiation was no different from the control LTP group at any of the time points tested (160.3 Ϯ 7.8% of baseline, 120 min posttetanus, Fig.  1A ,‚, P Ͼ 0.4). We also determined that Inhibitor II had no effects on basal synaptic transmission by examining parameters that reflect normal synaptic function. We found that Inhibitor II had no effect on the relationship between stimulus strength and the size of the postsynaptic response (input-output relationship, Fig. 1B) or PPF (Fig. 1C ).
To distinguish whether the impairment in LTP maintenance observed with the pharmacological gelatinase (MMP-2/9) inhibitor could be attributed to MMP-2 or -9, we next repeated these experiments on rats receiving intrahippocampal infusions of an MMP-9-specific proteolytic function-blocking antibody (n ϭ 4). Here we found effects on LTP that were very similar to those observed with Inhibitor II (Fig. 1D ). In rats receiving blocking-antibody ( Fig. 1D , E), the magnitude of potentiation was slightly but not significantly lower through the first 15 min in comparison with control LTP rats ( Fig. 1D , F, P Ͼ 0.25 at 15 min posttetanus) or with rats receiving nonimmune IgG (Fig. 1D , ‚, n ϭ 4), but then potentiation decayed rapidly to baseline values by 90 -120 min. There were no effects of the blocking antibody on input-output relationships (Fig. 1E) or PPF ( Fig. 1F ), suggesting that the blocking-antibody does not change properties of normal synaptic neurotransmission. Taken together, these observations suggest that blocking MMP-9 activity pharmacologically or with specific neutralizing antibodies in vivo affects maintenance, but not induction, of LTP. In contrast, in rats subjected to intrahippocampal injection of the MMP-9 blocker Inhibitor II (250 M; bar), potentiation returns to baseline by 90 -120 min posttetanic stimulation (E) with no significant effects on LTP induction through the 1st 30 min (P Ͼ 0.3 at 30 min compared with control values). There were no effects on LTP after injection of the diluent alone (0.6% DMSO; ‚). Inset: representative EPSP traces were recorded before tetanus (1), 120 min after tetanus in the presence of Inhibitor II (2) and 120 min after tetanus in the presence of the DMSO diluent (3). Calibration: 10 ms, 0.3 mV. B: input-output curves, representing the relationship between stimulus intensity and the size of the fEPSP slope, did not differ significantly between animals injected with Inhibitor II (250 M, E) and control animals (F). C: there were no differences in the paired-pulse facilitation (PPF) ratios between animals injected with Inhibitor II (250 M) and control animals. The PPF ratio represents the slope of the second fEPSP (FP2) divided by the slope of the first fEPSP (FP1) for the interpulse intervals (IPI) shown. Inset: representative EPSP traces from control and inhibitor-treated animals (IPI: 50 ms). Calibration: 25 ms, 0.2 mV. D: rats receiving an intrahippocampal injection of an MMP-9 function-blocking antibody (15 min, bar) show a deficit in LTP maintenance (E) in comparison with control animals (F). Such deficits were similar to those observed with Inhibitor II shown in A. There were no effects on LTP in animals receiving an intrahippocampal injection of nonimmune mouse IgG (‚). Inset: representative EPSP traces were recorded before tetanus (1), 120 min after tetanus in the presence of MMP-9 function-blocking antibody (2) and 120 min after tetanus in the presence of IgG control antibody (3). Calibration as in A. E: there were no differences between control animals and those receiving MMP-9 blocking antibody in input-output curves. F: there were no differences in the PPF ratios between animals injected with MMP-9 blocking antibody and control animals. Inset: representative EPSP traces from control and MMP-9 antibody-treated animals. Other conventions as in C.
Regulation of MMP-9 levels and proteolytic activity in association with LTP
We next investigated if induction of LTP is associated with regulation of MMP-9 levels and/or MMP proteolytic activity as a basis for the functional role of MMP-9 in LTP maintenance. Immunoblot analysis of area CA1 lysates prepared from rats 60 min after receiving tetanic stimuli (n ϭ 3) shows a significant elevation in levels of both pro-and active forms of MMP-9 in the potentiated area CA1 in comparison with levels in the contralateral control sides ( Fig. 2A, P Ͻ 0.05 ). To verify that increased levels of the active form of MMP-9 during LTP represents enhanced proteolytic activity, in vivo zymography was performed in which the MMP-9 substrate DQ-gelatin was injected into hippocampal area CA1 prior to induction of LTP or administration of control stimuli (Fig. 2B) . We first determined that DQ-gelatin had no significant effects on synaptic potentiation through 75 min post-LTP induction, when the animals were killed ( Fig. 2C ; P Ͼ 0.05), and no effects on basic synaptic properties such as input-output relationships or PPF (data not shown). At 75 min postinjection, animals were perfused, and hippocampal sections through the injection/ recording site were cut and analyzed by confocal microscopy. In rats receiving control stimuli, only occasional fluorescent puncta of gelatinolytic activity were evident in area CA1 st. radiatum (Fig. 2, D and G) . In contrast, in rats in which LTP was elicited, significantly greater numbers of fluorescent gelatinolytic puncta were present in area CA1 st. radiatum (Fig. 2,  E and G) . To rule out that such increased MMP proteolytic activity is a nonspecific reaction to the tetanic stimulation per se, rather than the LTP which results from it, we repeated the experiment on rats that received tetanic stimulation but failed to develop LTP due to prior intraperitoneal administration of the NMDA receptor antagonist CPP (Fig. 2C ). In the CPP animals, the numbers of gelatinolytic puncta in area CA1 st. radiatum were similar to those in rats receiving control stimuli (Fig. 2, F and G) , indicating that MMP proteolytic activity is enhanced in association with LTP specifically.
To identify with which elements of the neuropil the gelatinolytic puncta were associated, we immunolabeled tissue sections containing the LTP-associated gelatinolytic puncta for several neuronal and glial markers. We first confirmed that the vast majority of gelatinolytic puncta codistributed with immunolabeling for MMP-9 ( Fig. 3, A-C) , consistent with the idea that the proteolytically active form of MMP-9 was directly contributing to the gelatinolysis. In contrast, there were many more MMP-9 immunolabeled puncta that were not gelatinolytic, but this was expected because the MMP-9 antibody recognizes both pro-(inactive) and active forms of the enzyme (Nagy et al. 2006 ). Because both glia and neurons are capable of synthesizing MMP-9 (Arai et al. 2003; Nagy et al. 2006; Szklarczyk et al. 2002) , we labeled sections for GFAP, a marker of most astrocytes, but found no evidence for codistribution with the gelatinolytic puncta (Fig. 3, D-F) . In contrast, some gelatinolysis codistributed with immunolabeling for microtubule-associated protein-2 (MAP-2), a marker of dendrites (Fig. 3, G-I) . Additionally, many gelatinolytic puncta showed small regions of overlapping codistribution with immunolabeling for vesicular glutamate transporters (vGluts), a marker of presynaptic terminals (solid arrows, Fig. 3 , J-L, and top row of insets). In other cases, gelatinolytic and vGlut puncta were FIG. 2. Regulation of MMP-9 levels and proteolytic activity during LTP. A: representative immunoblots (left) of rat area CA1 homogenates (n ϭ 3 rats) frozen 60 min post-LTP induction. For each animal, homogenates were prepared from ipsilateral (LTP) and contralateral (contra) sides. Membranes were probed with antibodies that recognize both the pro-and active-form of MMP-9 (pro-9, act-9 respectively) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH), used as a loading control. Quantification of band intensity (right) showed significant increases in levels of both pro-and active-forms of MMP-9 in sides undergoing LTP in comparison with those in contralateral sides (*P Ͻ 0.05). B: low-magnification confocal image of rat hippocampus showing representative injection of the MMP-9 substrate DQ gelatin into area CA1. SO, stratum oriens; P, s. pyramidale; SR, s. radiatum; S L-M, s. lacunosummoleculare. Bar, 500 m. C: intrahippocampal injection of DQ-gelatin (bar) has no effects on induction or maintenance of LTP (E, n ϭ 7) in comparison with control animals (F; n ϭ 6, P Ͼ 0.05 at 60 min). LTP is abolished in animals receiving an intraperitoneal injection of the N-methyl-D-aspartate (NMDA) receptor antagonist 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP) prior to tetanic stimulation (triangles, n ϭ 3). Inset: representative EPSP traces were recorded before and 60 min after LTP induction in control, DQ-gelatin (gel) injected and CPP-administered animals. Calibration: 10 ms, 0.5 mV. D-F: high-magnification confocal images through area CA1 s. radiatum taken from animals 75 min after receiving control stimulation (D), LTP-inducing tetanic stimulation (E), or LTP-inducing tetanic stimulation after CPP administration (F). Numerous "hot spots" of gelatinolytic puncta are evident within the potentiated neuropil in the LTP animals in comparison with very few puncta present in animals receiving control stimuli or those in which LTP was blocked by CPP. Bars, 10 m. G: quantitative analysis of numbers of gelatinolytic puncta within area CA1 s. radiatum. There was significantly greater numbers of puncta in LTP animals in comparison with the other 2 groups (*P Ͻ 0.01). directly abutted or apposed, but did not overlap (open arrows, Fig. 3, J-L, and bottom row of insets) .
Previous in situ hybridization studies have shown that hippocampal seizure activity elevates levels of MMP-9 mRNAs and leads to a redistribution of MMP-9 mRNA into s. radiatum (Szklarczyk et al. 2002) . We therefore investigated whether LTP led to a similar enhancement and redistribution of MMP-9 mRNA into area CA1 s. radiatum, a region rich in dendrites and the location of the potentiated synapses. Hippocampal sections taken from rats 75 min post-LTP induction, when MMP-9 protein levels are elevated, or from those receiving control stimuli, were subjected to in situ hybridization of radioactive MMP-9 cRNA probes and exposed to film. Qualitative (Fig. 4, A and B) and quantitative (C) densitometric analyses of film autoradiograms showed no differences between stimulation conditions in the intensity of probe hybridization in st. pyramidale of areas CA1 and CA3 or in the granule cell layer of the dentate gyrus nor were there any differences between stimulation conditions in intensity of probe hybridization within neuropil of area CA1 st. radiatum. These data suggest that the LTP-associated elevation in MMP-9 protein level does not reflect major changes in levels or distribution of MMP-9 mRNAs.
Proteolytically active MMP-9 induces LTP that is occluded by, and occludes, tetanically-evoked LTP
We next addressed how proteolytically active MMP-9 affects synaptic function by administering recombinant-active MMP-9 (rMMP-9; 0.1 g/l, 2 l) by infusion cannula into area CA1 while recording synaptic responses. Here, we found that rMMP-9 produced a slowly developing, persistent potentiation of the extracellular fEPSP initial slope, reaching a maximum by 90 -120 min postadministration (147.5% Ϯ1.17% of baseline, n ϭ 5; Fig. 5A, F) , which was sustained through Ն180 min when the experiments were terminated. Such potentiation was specific for proteolytically active MMP-9 in that administration of the inactive pro-form of MMP-9 (OE, Fig. 5A, n ϭ 3) or active MMP-2 (}, Fig. 5A, n ϭ 3) had no effect on synaptic responses. In a separate series of experiments, we determined that the rMMP-9-mediated enhancement of synaptic responses was not associated with changes in PPF ( Fig. 5B, P Ͼ 0.05 ), suggesting that the site of MMP-9 action is not presynaptic. Because rMMP-9 alone could elicit long-lasting synaptic potentiation, we next asked whether rMMP-9-mediated potentiation occludes tetanically evoked potentiation. After rMMP-9-induced synaptic enhancement reached a plateau and had stabilized by ϳ90 min, fEPSP initial slope was adjusted to yield synaptic responses that matched those of the original baseline (Fig. 5C ), whereupon tetanic stimuli were applied. However, there was no further persistent potentiation of the fEPSP slope after tetanic stimulation ( Fig. 5C ; 40 min posttetanus: 102.2% Ϯ2.5% of baseline, n ϭ 4). Conversely, in a different set of animals, stable LTP was first induced tetanically followed by a reduction in stimulus intensity to produce synaptic responses similar to those at baseline levels. Subsequently, rMMP-9 was infused as described in the preceding text. However, there was no further synaptic potentiation following rMMP-9 administration (Fig.  5D ; 150 min posttetanus: rMMP-9, 99.6% Ϯ3.5% of baseline, n ϭ 4). Taken together, the mutual occlusion of synaptic potentiation elicited tetanically or by rMMP-9 exposure suggests that these two types of plasticity share some common cellular mechanisms.
D I S C U S S I O N
The results of this study demonstrate that MMP-9, an extracellularly acting protease, functions critically in modulating hippocampal synaptic physiology and plasticity in adult ani- . Gelatinolytic puncta codistribute with dendritic and synaptic markers. A-L, insets: high-power confocal images through area CA1 s. radiatum taken 75 min after LTP induction in rats receiving an intrahippocampal injection of the MMP-9 substrate DQ-gelatin. Left: gelatinolytic puncta (green); middle: immunolabeling for indicated markers (red); and right: merged images; regions of codistributed overlap are indicated by yellow pixels. A-C: most gelatinolytic puncta codistribute with immunolabeling for MMP-9 (arrows). There are numerous MMP-9 immunolabeled puncta that are not gelatinolytic, which presumably represents a pool of inactive (pro) MMP-9, as the antibody recognizes both pro-and active-forms of MMP-9. D-F: gelatinolytic puncta did not codistribute with GFAP immunolabeling, a marker of astrocytes. G-I: many puncta or elongated regions of gelatinolysis codistributed with immunolabeling for MAP-2, a dendritic marker (arrows). J-L: many gelatinolytic puncta codistributed with immunolabeling for vGluts, a presynaptic terminal marker (solid arrows), whereas others appeared abutted or directly apposed to vGlut-immunolabeled puncta (open arrows). Insets: underneath show higher-power images of such labeling patterns. Bars, 3 m A-L; 2 m in insets. mals in vivo. This is important because the prevailing view of MMP-9 function in adult brain is that it is activated under injurious or pathophysiological conditions, where, for example, it has protracted, deleterious roles in neurovascular remodeling and neuronal degeneration after stroke (Lee et al. 2004; Lo et al. 2002; Zhao et al. 2006) . Here, in urethane-anesthetized adult rats, we show that protein levels of MMP-9 are elevated and numbers of MMP-9 immunopositive "hot spots" of gelatinolytic activity are significantly increased relatively rapidly in area CA1 by LTP-inducing tetanic stimuli. When MMP-9 activity is blocked acutely, either with pharmacological inhibitors or with MMP-9specific neutralizing antibodies, LTP maintenance at Schaffer collateral-area CA1 synapses is eliminated, but LTP induction and properties of normal synaptic neurotransmission are unaffected. Once proteolytically active, MMP-9 induces a slowly emerging synaptic potentiation that occludes, and is occluded by, tetanically evoked LTP. Taken together, the data indicate that tightly regulated, highly localized MMP-mediated extracellular proteolysis contrib- A and B: representative film autoradiograms of bilateral hipppocampal sections showing pattern and relative intensity of MMP-9 cRNA probe hybridization. Section in A was taken from an animal 75 min after receiving control stimuli on one side (control stim); section in B was taken from an animal 75 min after LTP was induced tetanically on 1 side (LTP). In both images, the contralateral sides (contra) are also shown for comparison. There are no apparent differences in levels or patterns of probe hybridization across sides or stimulation conditions. Bars, 2 mm. C: quantitative densitometry shows no differences in relative levels of probe hybridization between LTP (n ϭ 6) animals and those receiving control stimuli (n ϭ 4) in s. pyramidale of areas CA1 and CA3, the granule cell layer of the dentate gyrus (DG), or area CA1 st. radiatum (st. rad). FIG. 5. Proteolytically active MMP-9 induces potentiation in rat area CA1 in vivo that occludes, and is occluded by, tetanic stimulation. A: recombinant active MMP-9 (rMMP-9; 0.1 g/l) delivered intrahippocampally (bar) induces a slowly emerging, persistent potentiation that begins to arise approximately 60 min postinjection (F, n ϭ 5). Administration of inactive pro-MMP-9 (OE) or recombinant active MMP-2 (rMMP-2; }) did not elicit an increase in fEPSP slope (n ϭ 3 each). Inset: representative EPSP traces were recorded before (1), 90 min after rMMP-9 application (2), and 90 min after rMMP-2 application (3). Calibration: 10 ms, 0.3 mV. B: intrahippocampal infusion of rMMP-9 has no effect on PPF. Plot shows PPF measured before (F) and 120 min after (E) rMMP-9 administration. Inset: representative EPSP traces (50 ms IPI) recorded before and after rMMP-9 injection. Calibration: 25 ms, 0.2 mV. C: rMMP-9 potentiation occludes tetanically-induced potentiation. After rMMP-9 potentiation reached a plateau (ϳ90 min), fEPSP slope was reduced to yield synaptic responses that matched those of baseline levels, followed by tetanic stimulation (1). There was no further potentation after tetanic stimulation (F). The ghostline (E) indicates the level of tetantically induced LTP in control animals (see Fig. 1A ). Representative EPSP traces were recorded at time points indicated in the panel. D: tetanic stimulation occludes rMMP-9 potentiation. Tetanic stimulation (1) produces LTP (F); at ϳ45 min postinduction, stimulus intensity was reduced to produce synaptic responses that matched those of the original baseline, followed by administration of rMMP-9 (bar). There was no further potentiation following delivery of rMMP-9 (F). The ghostline (E) indicates the level of rMMP-9-induced potentiation from animals shown in A. Representative EPSP traces were recorded at time points indicated in the panel. Calibration as in Fig. 1A . utes fundamentally to modulating normal, nonpathological synaptic physiology and function in mature brain.
In other tissues, MMPs can serve at least two important functions (Sternlicht and Werb 2001) . One is in cell-signaling through release or processing of ligands that then bind cellsurface receptors and activate signal-transduction cascades. The second is in physical remodeling of the pericellular microenvironment via cleavage of cell-surface adhesion and/or matrix proteins that maintain cellular architecture. During LTP, it is likely that proteolytically active MMP-9 serves both signaling and remodeling functions. The MMP-9-triggered, slow potentiation described here in vivo is identical to that shown previously in acute hippocampal slices, where such potentiation is mediated by integrin receptors that recognize the conserved tripeptide arginine-glycine-aspartate (RGD) sequence (Nagy et al. 2006 ). This suggests that in vivo, MMP-9 mediated proteolysis furnishes an endogenous RGD-bearing ligand that then binds and activates integrin receptors. The identity of endogenous MMP-9 substrates that could trigger such integrin-activated cascades is unknown, although there are a number of putative RGD-bearing matrix and cell-surface proteins expressed in hippocampus that are potential targets (Dityatev and Schachner 2003) , and the levels of some of these are upregulated by activity (Hoffman et al. 1998) . The present and previous observations (Nagy et al. 2006 ) that MMP-9 is involved in maintenance, but not induction, of LTP is consistent with a large body of work showing a similar involvement of integrins in LTP maintenance but not induction (Bahr et al. 1997; Chan et al. 2003; Staubli et al. 1990; Xiao et al. 1991) . The majority of integrins in hippocampus are present postsynaptically within dendritic spines (Bi et al. 2001; Chan et al. 2003; Einheber et al. 1996; Grooms et al. 1993; King et al. 2001) ; this would indicate that MMP-9 effects mediated through integrins would also be expressed postsynaptically. This is consistent with our present observations that there were no effects of proteolytically active MMP-9 on paired-pulse facilitation, a measure of presynaptic function. Integrin stimulation in hippocampus leads to activation of several kinase signaling cascades (Bernard-Trifilo et al. 2005) ; this in turn results in phosphorylation of certain glutamate receptor subunits and a slow enhancement of glutamate receptor currents Lin et al. 2003) . Integrin stimulation also increases levels of filamentous actin within dendritic spines and changes spine shape and size (Kramar et al. 2006; Shi and Ethell 2006) . Similarly, LTP elicited both in vivo and in slices also affects actin dynamics within spines and is associated with spine enlargement (Desmond and Levy 1983; Fukazawa et al. 2003; Kim and Lisman 1999; Kopec et al. 2006; Krucker et al. 2000; Lin et al. 2005) . Thus MMP-9 may be facilitating structural remodeling of potentiated spines, either proactively through integrin receptor signaling or, alternatively, by simply creating a permissive environment for such remodeling by local degradation of matrix or cell-surface proteins that normally maintain neuronal membrane apposition. Cadherins, for example, are synaptic adhesion proteins that are cleaved by MMPs under certain conditions (Monea et al. 2006; Steinhusen et al. 2001) . Although it remains to be determined definitively whether or not MMP-9 affects spine morphology, a recent study of hippocampal neurons grown in culture has shown that MMP-7 exposure leads to conversion of mature, mushroomshaped spines to filopodia-like structures (Bilousova et al. 2006 ). This is a morphological conversion that would not be expected in LTP (Engert and Bonhoeffer 1999; Matsuzaki et al. 2004) , which may mean that MMP-7 produces different effects on spine morphology than those expected for MMP-9 or young neurons in culture behave differently than mature neurons in vivo.
Levels of MMP-9 protein and numbers of MMP-9 immunopositive hot spots of gelatinolytic activity were both significantly elevated by LTP-inducing tetanic stimuli. Previous studies in acute slices have shown that the increase in MMP-9 protein level after LTP induction was dependent on protein synthesis and NMDA receptor activation (Nagy et al. 2006) . The present study demonstrates that in vivo the increase in proteolytic activity also required NMDA receptor activation as there was no increase in numbers of gelatinolytic puncta in animals receiving an injection of the NMDA receptor antagonist CPP prior to tetanic stimulation. What is unclear at present are the mechanistic and temporal relationships between synthesis and activation of MMP-9 during LTP. One possibility is that there is an initial and rapid conversion of the preexisting pool of pro-MMP-9, already present, prior to stimulation, within the neuropil (Lee et al. 2004; Nagy et al. 2006; Szklarczyk et al. 2002) , into its proteolytically active form, followed in time by synthesis and secretion of new pro-MMP-9. The soluble gas nitric oxide is released rapidly during LTP in an NMDA receptor-dependent manner (Zhuo et al. 1999 ) and can activate MMP-9 (Gu et al. 2002) . Other candidates include the extracellular tissue-plasminogen activator (tPA)-plasmin cascade, which can convert pro-to active-MMP-9 via activation of other MMPs (Cuzner and Opdenakker 1999) . tPA is an immediate early gene the rapid, activity-dependent mRNA upregulation of which in hippocampus requires NMDA receptors (Qian et al. 1993) , although its release may be gated through metabotropic glutamate receptors (Shin et al. 2004) . In some other cell types, MMP-9 activity levels are regulated largely through transcriptional control of MMP-9 mRNA levels (Sternlicht and Werb 2001) , and in hippocampus, kainic acid-induced seizures increases MMP-9 mRNA levels within 6 -12 h concomitantly with increases in proteolytic activity (Szklarczyk et al. 2002) . In contrast, during LTP, our in situ hybridization data suggest that there are not major changes in levels or distribution of MMP-9 mRNAs, at least within the first hour. It is possible that at longer times after LTP induction than those examined here, increases in MMP-9 mRNA levels may occur. It also remains unknown what mechanisms are responsible for catabolizing active MMP-9. Studies of LTP in rat prefrontal cortex or seizure activity in hippocampus suggest that increased expression of the endogenous MMP inhibitor TIMP-1 (tissue inhibitor of metalloproteinases-1) may be involved (Jaworski et al. 1999; Okulski et al. 2007; Rivera et al. 1997) .
The anatomical localization of MMP-9 activity in brain has customarily been conducted by in situ zymography on tissue sections ex vivo. This process typically requires long incubation times in DQ gelatin and brain slicing to produce tissue sections, all of which can complicate interpretation of any proteolytic activity as truly representative of the state and position of MMP proteolysis at the time of relevant interest (e.g., the height of plasticity). To circumvent these potential limitations, we introduced a novel modification of the basic zymographic technique by injecting DQ gelatin, a MMP-9 substrate, directly into the hippocampus in vivo. The numerous gelatinolytic puncta that we observed in the LTP-expressing hippocampi are similar to those described earlier in acute slices subjected to chemically induced L-LTP and visualized by conventional in situ zymography (Nagy et al. 2006) . In most tissues generally, secreted MMPs are anchored to the plasmalemma via association with other molecules rather than floating freely in the extracellular space (Sternlicht and Werb 2001) . This is consistent with the punctate immunolabeling of MMP-9 that we have observed both in vivo and in vitro (Nagy et al. 2006 ) and likely underlies the discrete foci of gelatinolytic activity that also appears discretely localized to or around dendritic spines. Although we confirmed that most of these gelatinolytic puncta codistributed with immunolabeling for MMP-9, we cannot rule out that other proteases may have also contributed to the gelatinolytic activity. Nevertheless, levels and activity of MMP-2, which is the other major gelatinase, are not affected by tetanic stimulation of the Schaffer collateral-CA1 pathway (Nagy et al. 2006 ). The numerous hot spots of MMP-9 immunopositive gelatinolytic puncta distributed throughout the potentiated neuropil codistributed with synaptic and dendritic markers or were firmly abutted against the synaptic puncta, consistent with the idea of highly local proteolysis ideally positioned anatomically to modify synaptic structure and function as discussed in the preceding text. We did not find, however, association with the astrocytic marker GFAP. This was a surprise because glia contain MMP-9 mRNA (Arai et al. 2003) and in acute hippocampal slices or sections from perfused brains, GFAP positive astrocytes and processes coimmunolabel for MMP-9 using antibodies that recognize both pro-and active forms (Nagy et al. 2006; Szklarczyk et al. 2002) . It is possible that in our material, glial-associated MMP-9 represents only the proform and that this pool of MMP-9 is not activated during LTP in vivo. However, under pathological conditions-for example, as a consequence of stroke or inflammationglial-associated MMP-9 does become active (Duchossoy et al. 2001; Goussev et al. 2003; Jourquin et al. 2003; Magnoni et al. 2004) . Alternatively, fine, distal astrocytic processes often lack immunocytochemically detectable levels of GFAP (Ong et al. 1995) , thus it is possible that such fine GFAP-negative astrocytic processes do associate with active MMP-9 but were simply undetectable in our material. In any event, the zymographic visualization of gelatinolysis by direct injection of the substrate into brain parenchyma has potentially widespread benefits for visualizing endogenous MMP activity under a variety of pathophysiological or normal conditions.
In conclusion, we have shown that MMP-9 becomes proteolytically active in discrete hot spots within the neuropil in association with LTP elicited in vivo. Because LTP in area CA1 accompanies forms of hippocampal-dependent learning (Whitlock et al. 2006) , the data suggest that MMP-9-mediated local proteolysis is required for enabling synaptic modifications necessary for long-term memory. Although such modifications are likely to include both a signaling component-via integrins, for example-as well as synaptic structural remodeling-of dendritic spines, for example-the precise identity of the synaptic target molecules with which MMP-9 interacts awaits future studies.
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